A methodology is proposed for grading the utility of lake sediment cores used to reconstruct pollution histories. The observed distribution of 13'Cs with depth in the core is compared to that expected from independent, historic measurements of fallout deposition. The width of the 13'Cs peak in the core profile that corresponds to the fallout maximum of 1963, or the combined maxima of 1959 and 1963, is used to infer the inherent time resolution of the core, i.e. the ability to distinguish events in the deposition history of the watershed. The method is applied to a number of core profiles from various lakes in the U.S. and appears to provide self-consistent results.
Lake sediment cores are used to reconstruct the history of the input of trace substances into the ecosystem (Edgington and Robbins 1977; Galloway and Likens 1979; Heit et al. 1980; Norton et al. 1980) . Local, regional, and global depositions have all been inferred from changes observed in the distribution of a given substance throughout a core. Currently, there is much interest in using this technique to reconstruct the history of acid precipitation in certain areas of the country (Galloway et al. 1983; Heit et al. 198 1; Ouellet and Jones 1983) .
A common technique used to date a core involves use of the peak in the 137Cs concentration in the core profile as a marker of the 1963 peak fallout deposition on the earth's surface from nuclear weapons tests conducted before the atmospheric test ban treaty (Jaakola et al. 1983; Pennington et al. 1976 ). Examples of other dating techniques include use of the naturally occurring radionuclide 210Pb (half-life, 22 years) (Robbins and Edgington 1975; Koide et al. 1973) , Pu (Heit et al. 1984) , and pollen (Robbins et al. 1978) . Unfortunately, many investigators establish only a rough dating of their cores and then proceed to interpret variations in other measured trace substances, ascribing definitive dates to each core section. Only a qualitative treatment of the error associated with the dating is usually given.
We have taken sediment cores in 30 different lakes and reservoirs across the U.S. since 1980 and have found a wide range in apparent definition
We believe that some quantitative measure of the resolution of a core and how it can be used to delineate real temporal changes in pollutant flux to a watershed is needed. For example, we have cores that clearly show two separate 137Cs peaks, correlated with the periods of heavy atmospheric nuclear weapons testing in the late 1950s and again in the early 1960s. Such two-peak profiles are indicative of an extremely settled and undisturbed sediment. On the other hand, many cores have a single broad 137Cs peak with a pronounced sign of tailing, which indicates mixing, diffusion, or some integrative process within or external to the sediment. Clearly, the former case is much better suited for analysis of short term trends, whereas the latter may be capable only of distinguishing patterns that occur over a timespan of a decade or more.
We therefore propose that an estimate of time resolution be used to assess the utility of a sediment core for reconstructing the deposition history in an area. A suitable parameter, in units of years, for instance, would then be a measure of the minimum time that two separate events in the deposition history of the watershed could be distinguished in a core profile. Such a concept has actually been used to map southern Lake Huron by Robbins (1982) ; the parameter he used was defined as the ratio of the mixed depth layer to the sedimentation rate and was ultimately derived from applying a model to account for mixing in lake sediments. We introduce here an empirically derived quantity which is easily computed from the observed profile of l 37Cs and which appears to serve as a good indicator of time resolution.
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Method
The continuous records of radioactive fallout that exist for various stations around the world (early 1950s to present) provide an excellent way of testing the inherent resolution of a sediment core. Figure 1 shows the annual deposition of gOSr for New York City. This basic pattern can bc seen at all sites in the Northern Hemisphere and fits well with the history of atmospheric nuclear weapons tests (Larsen 1984 ). Since we currently measure the gamma-emitting 137Cs in sediments, we have converted the data in Fig. 1 to the present-day inventory of this nuclide using measurements of surface air 137Cs : gOSr ratios for the Northern Hemisphere and applying a decay correction. This estimated 137Cs deposition is shown in Fig.  2 , with the time axis reversed to simulate the pattern that would be seen with increasing depth in an actual core. A perfect core, that is, one with no mixing or diffusion and with no time-delayed wash-in due to ero- sion from the watershed, taken circa 1980, would in principle have a 137Cs profile closely matching the one in this figure. We will, therefore, use the profile in Fig. 2 as the standard.
The first step in grading an actual core profile is to convert the depth to a time scale in the core by using an estimate of a constant sedimentation rate based on the position of the peak 137Cs concentration.
By simple analogy, we can treat the peak in the *37Cs profile as a normal distribution function and use the standard deviation as a measure of the dispersion about the mode. In principle, one could apply a Gaussian fit to the profile to obtain a precise measure of the standard deviation; however, for simplicity we choose instead to measure the width between the points where 68% (+ c) of the inventory is contained. We then define the term CT 7=-r go O where 7 is resolution of the core profile, T, is resolution of the hypothetical ideal core, c is the standard deviation of the core profile represented by the width which contains 68% of the peak area, and co is the standard deviation of the hypothetical ideal core represented by the width which contains 68% of the peak area (all in years). Two major categories of sediment cores are designated: those with a double-peak structure and those with only one resolvable peak. For the first case, the data in Fig. 2 yield a go value of 2.4 yr; for the second case, if the two separate peaks were combined as one, the value is 6.0 yr. We also assign corresponding values for r, of 1 and 4; these are somewhat arbitrary in a sense and merely represent a rough estimate of the number of years apart that two events could be distinguished. Based on the 4-yr separation of the 1959 and 1963 fallout peaks, however, they provide a reasonable measure of the limiting values of resolving power associated with the double-and single-peak cases. One complication in measuring CT is that some core profiles do not have a well defined peak, but rather a broad hump with no apparent baseline associated with the years of low fallout. This type of profile is likewise analogous to a normal distribution; however, for this case the total inventory under the curve is the sum of all the fallout that has occurred over the years. For the sake of consistency in measuring the value of (r, we use the data in Fig. 2 to estimate the fraction of the total fallout that occurred in the 1963 peak (which we define to be the period 196 1 through 1966) and that which occurred in both peaks (the period 1954 through 1966): these fractions are 0.52 and 0.84. Thus, regardless of how well resolved the 137Cs profile is, the value of c can then be given by the width corresponding to 0.3 5 (68% of 0.52) of the total inventory in a core with a resolved 1963 peak and 0.57 (68% of 0.84) of the total inventory in a core with a combined 1959-1963 peak. These fractions are a function of the year in which the core was taken, but they will not change much in years after 1980 unless there is some substantial new input of fallout.
Results Table 1 lists the lakes and reservoirs selected for this study. Along with location and sampling year, we have listed the depth of water where the core was taken, the linear sedimentation rate computed in two ways and the ratio between these values, the inventory of 137Cs, the ratio of the peak inventory to that at the surface, and the calculated time resolution. The first sedimentation rate is based on the depth at which the 137Cs reaches its peak value, taken to be 1963, the year of heaviest global fallout. The second sedimentation rate is based on the depth at which the 137Cs first appears in the sediment, taken to be 1950, the approximate time when major nuclear weapons testing started.
It is interesting to note the consistency with which the calculated value of the time resolution can measure the apparent quality of the core. The highly defined double peak cores of Cayuga Lake (Fig. 3) and Deer Creek Reservoir (Fig. 4) exhibit the best time resolution, both 1.5 yr. The profile of Grand Lake (Fig. 5) , another double-peak case, seems by visual inspection to be not quite Depth (cm) as good and, accordingly, has a somewhat larger r value of 2.4 yr. The profile of Echo Reservoir (Fig. 6) shows only a single, but fairly sharp peak, and has a resolution of 5 yr. Somewhat broader peaks are evident for Santeetlah Reservoir (Fig. 7) , T = 6 yr, and Blue Ridge Reservoir (Fig. 8) , r = 7 yr. Broader still are the profiles of Chatuge Reservoir (Fig. 9) , r = 8 yr, and Bear Lake ( Stillwater reservoirs (Figs. 11, 12, 13) , all with T = 9 yr. The poorest are the slow sedimenting Mirror, Darts, and Big Moose lakes (Figs. 14, 15, 16 ) which show significant tailing of 137Cs due to mixing, diffusion, or both, and have T values of 14-22 yr. 
Discussion
Various factors should be considered when grading the quality of sediment cores. Aside from the resolution as defined here, one of these factors is the value of the inventory, that is, the quantity of substance per unit area. For the lakes listed in Table  1 , the expected deposition of 137Cs from combined dry and wet fallout is in the range of loo-150 mCi km-2, decay-corrected to the early 1980s. Soil sampling at undisturbed sites in the vicinity of some of these lakes has provided confirmation of these estimates. As can be seen from the inventory values in the lake sediment, depletion or enhancement is occurring in some cases. To determine the flux of other trace substances where these effects are present, we can use a normalization factor based on the soil sample data. In the case of Deer Creek Reservoir, the normalization (enhancement) factor is about 4. This enhancement can be attributed to substantial wash-in from the watershed as evidenced by the high sedimentation rate of 2.5 cm yr-* . Despite this fairly large wash-in effect, there is excellent reproduction in the core profile (Fig. 4) of the expected depositional history of 137Cs (Fig. 2) . In contrast, the data from Cayuga Lake show a much lower sedimentation rate and an inventory enhancement factor of < 2. However, the 137Cs profile (Fig. 3) shows the same detail as that of Deer Creek and, accordingly, our calculated value of the time resolution indicates the same high degree of resolution, 1.5 yr, for both cores.
Nevertheless, there is some degree of anticorrelation between inventory and time resolution (r = -0.68) in the data shown in Table 1 . This anticorrelation results mainly from the last three cases (Mirror, Darts, and Big Moose lakes), which display the poorest resolution and have the lowest inventories. These three cores have profiles (Figs. 14-16) that exhibit significant downward tailing. This is precisely the effect that would be produced if diffusion were occurring in the sediment. Although some diffusion could be expected in almost any sediment, the effect on the profile in a core would be most pronounced if the sedimentation rate is low, and these three lakes show the lowest sedimentation rates according to the 1963 peak dating technique. The 1950 fallout start dating technique gives erroneously higher sedimentation rates. This observation is consistent with a diffusional process. In this case, the peak in a profile would not shift in position from its intrinsic layer of sediment so long as there is no concurrent advective transport but rather decrease in amplitude as material moves farther downward, causing the tail of the profile to grow longer. The ratio between the two calculated sedimentation rates can be seen to provide a good measure of the degree of diffusion: a value close to 1 .O indicates little or no diffusion. However, like the inventory, this ratio does not appear to be the best parameter to use for judging core quality. This point is best illustrated by the cores from Chatuge and Great Sacandaga reservoirs. Although no significant diffusion is apparent from the ratio of sedimentation rates, the single broad peak of each core suggests that other mechanisms deleterious to the definition of the core are at work.
Peak broadening could of course be caused by diffusion in both directions. Another mechanism that could cause peak broadening in sediment is mixing. This mixing may result from physical disturbances at the sediment-water interface or from bioturbation in the top sediment. Still another process that could be at work, particularly in the case of sediments with large inventory enhancements, is delayed input of material resulting from runoff in the watershed. In the case of either mixing or delayed wash-in, the net effect on the profile of the sediment core is basically opposite to that produced by downward transport, i.e. an upward tail forms. Close examination of even the best resolved cores, those from Cayuga Lake and Deer Creek Reservoir (Figs. 3,4) , will reveal this effect. In comparison to the distribution of the hypothetical ideal core (Fig. 2) , they show excess 137Cs in the layers corresponding to the postpeak fallout periods of 1960-1961 and 1965-1969 . Whereas the ratio of sedimentation rates can be used to test for downward transport, the degree of mixing or delayed wash-in can be measured by the ratio of the peak inventory to the surface inventory. The data in Fig. 2 , where we define the surface as the baseline data from the period 1975-l 980, show this peak : surface ratio ideally to be about 20 for a core where the individual sections correspond to the calendar years. Realistically, this ratio will tend to be smaller, because the section of sediment with the peak inventory value will represent the average over a period longer than or somewhat misaligned from the peak center. Our data listed in Table 1 show ratios that range from about 10 for the best-resolved cores down to about 2 for the most poorly resolved cores. On the basis of this ratio, the magnitude of the mixing/ wash-in effect appears to be about the same for the last eight cases listed in Table 1 . However, as discussed before, the effects of diffusion cause even further degradation of the profile for Mirror, Darts, and Big Moose lakes. In this sense, the time resolution can be considered as a more suitable parameter in that it measures peak spread in both directions regardless of the underlying cause.
Various models have been used to correct for such sediment reworking mechanisms as mixing, compaction, diffusion, and washin (Christensen 1982; Robbins 1982; Imboden and Stiller 1982; Krey et al. 1980) . In general, these models make use of some constants such as a mixing depth, diffusivity, or a time constant. In a sense, the values of these parameters can serve as a measure of the degree to which the degrading effect is taking place. As an example, we show in Fig. 17 a deconvoluted profile of the Deer Creek Reservoir core. Here we have adapted the model of Krey et al. (1980) to correct for the effect of delayed wash-in of 137Cs from the watershed. Specifically, our model allows for a fraction of the total input to the lake for each year to be from wash-in as a result of erosional processes. To account for the gradual fixation of the 137Cs onto the land, we allow this fraction to decrease exponentially with some time constant for computing the wash-in from the fallout that occurred in previous years. We have also added to this model a mixing effect where the total input into the lake (direct deposition plus wash-in) first enters a mixed layer, from which a fixed fraction is annually incorporated into stable sediments. A constraint on this deconvolution is that the final integrated 137Cs in the sediment must equal the land inventory value. The end result is the estimated annual deposition. For the case of Deer Creek Reservoir, the model does a credible job of sharpening the peaks by eliminating the upward tailing. The values of the constants that yielded this result were 0.6 for the wash-in fraction, 1.6 yr-' for the time constant and 0.5 for the sedimentation fraction.
The nuances of this and other models make the task of judging a core's quality somewhat less than universal if different parameters from each model are used as the quality factor. On the other hand, the value of the time resolution, as defined here, is purely empirical. It is useful as a convenient specification that can be applied to the raw data. In no way does it preclude the use of more sophisticated techniques that can extract further information from the core profile.
One final point must be made with regard to our measure of time resolution. The data for Mirror Lake illustrate the limitations of resolution caused by sampling size intervals. We generally section our cores in 1 -cm intervals; in practice, it would be extremely difficult to section any smaller. However, for sedimentation rates of the order of 1 mm yr-I, this necessarily limits the resolution to 10 yr at best. Thus, our measure of time resolution is inherent to the particular sectioned core and is not a measure of the inherent resolution of the lake sediment itself. Finer sample size could result in a more detailed profile with higher resolution.
Conclusions
The method described for estimating the inherent time resolution of a sediment core gives a quantitative measure of a core's quality that is consistent with visual inspection of the 137Cs profile. The use of a numerical value of time resolution provides a more objective way of judging the suitability of a given core to studies that seek to establish the time history of pollutant flux in a region. The 2-20-yr range in time resolutions of cores from lakes sampled so far attests to the need for having this quantitative measure. Although models can be applied under certain circumstances to correct for the effects of mixing and diffusion in the sediment, our method may still be useful in gauging the utility of both the original and the unfolded profile.
If the peak broadening and tailing observed in the 137Cs profiles of some cores is due to diffusional processes that are unique to this element, then the methodology presented here would not give a true measure of a core's usefulness for establishing historic changes in the flux of other substances to the watershed. However, in our experience, we find that cores with poor resolution in the profile of 137Cs have similar disturbed patterns in other trace substances that do not fit well with the expected historical trends. This is consistent with bioturbation and physical mixing processes that would affect all material in the sediment.
There are other factors that should be taken into account when using sediment cores. These include disagreement in dating between different techniques (Heit et al. 1980; Davis et al. 1984; Parkhurst 1984) , signs of a highly variable sedimentation rate (Bloesch and Evans 1982) , within basin disturbances from storms and sediment focusing (Edgington and Robbins 1977; Davis and Ford 1982) , large excess inventory caused by timedependent wash-in from land erosional processes (Krey et al. 1980) , and severely depleted inventory from outflows. However, for lake sediment cores that otherwise meet the criteria for application to the reconstruction of deposition history for an area, we urge the adoption of this or some similar measure of temporal resolving power.
